Embryonic tissues display an outstanding ability to rapidly repair wounds. Epithelia, in particular, serve as protective layers that line internal organs and form the skin. Thus, maintenance of epithelial integrity is of utmost importance for animal survival, particularly at embryonic stages, when an immune system has not yet fully developed. Rapid embryonic repair of epithelial tissues is conserved across species, and involves the collective migration of the cells around the wound. The migratory cell behaviours associated with wound repair require the generation and transmission of mechanical forces, not only for the cells to move, but also to coordinate their movements. Here, we review the forces involved in embryonic wound repair. We discuss how different forcegenerating structures are assembled at the molecular level, and the mechanisms that maintain the balance between force-generating structures as wounds close. Finally, we describe the mechanisms that cells use to coordinate the generation of mechanical forces around the wound. Collective cell movements and their misregulation have been associated with defective tissue repair, developmental abnormalities and cancer metastasis. Thus, we propose that understanding the role of mechanical forces during embryonic wound closure will be crucial to develop therapeutic interventions that promote or prevent collective cell movements under pathological conditions.
wounds (Longaker et al., 1990; Whitby and Ferguson, 1991; McCluskey and Martin, 1995) . As an example, wounds can occur naturally in the chick embryonic epidermis, as a consequence of friction against the amnion (Thevenet and Sengel, 1986) , but chick embryos can repair large wounds within 5 h (Poynter, 1919) . Similarly, fibrous, string-like amniotic bands and bone friction can cause amputations and ulcers in human fetuses, and these lesions can be repaired without inflammation nor scarring if they occur before the twentieth week of gestation (Rowlatt, 1979) .
The mechanisms of epithelial repair in embryonic tissues are conserved from flies to mice (Martin and Lewis, 1992; McCluskey et al., 1993; Kiehart et al., 2000; Davidson et al., 2002; Wood et al., 2002) . In embryos, epithelial wound repair is driven by the collective migration of the cells adjacent to the wound into the wounded region. Cell movements around the wound are coordinated by rearrangements of (1) the cytoskeletal machinery that cells use to generate mechanical forces, and (2) the junctional proteins that regulate cell-cell adhesion and transmit mechanical signals from cell to cell. Therefore, physical forces play an essential role during wound repair. The study of embryonic wound healing provides an excellent opportunity to investigate how mechanical forces are generated and coordinated at the molecular level in groups of collectively migrating cells, and how forces in turn feedback on the molecular rearrangements associated with coordinated cell movement. The advent of laser-based techniques to induce wounding (Kiehart et al., 2000) allows control of wound size and shape, and enables studies on the role of geometry in collective cell migration. Combining embryonic wound repair with genetic and pharmacological tools to manipulate the mechanical properties of cells and tissues allows investigation of how the mechanical microenvironment affects coordinated cell movement in vivo.
Here, we review the mechanical forces that contribute to wound healing. We discuss the main mechanisms of force generation during wound repair and their relative contribution to wound closure. Finally, we examine how mechanical forces are transmitted and integrated across cells to promote collective movements and rapid wound repair. Notably, molecular rearrangements similar to those found during embryonic wound repair also occur during neighbour exchange (Bertet et al., 2004; Zallen and Wieschaus, 2004; Blankenship et al., 2006; Fernandez-Gonzalez et al., 2009; Shindo and Wallingford, 2014; Lau et al., 2015; Rozbicki et al., 2015) , around apoptotic cells (Rosenblatt et al., 2001; Kessler and Muller, 2009) , and at the leading edge of metastatic cell clusters (Gaggioli et al., 2007; Hidalgo-Carcedo et al., 2011 )-all processes involving the generation of mechanical forces. Thus, understanding the role of physical forces during embryonic wound closure may shed light on how normal physiology and pathological states are mechanically (mis)regulated.
Cytoskeletal rearrangements orchestrate embryonic wound repair
Cytoskeletal remodelling is strongly associated with the collective cell movements that drive embryonic wound healing. Upon wounding, filamentous actin and the molecular motor non-muscle myosin II are polarized in the cells adjacent to the wound, accumulating at the interface with the wounded cells. Actomyosin polarization results in the formation of a supracellular cable around the wound that acts as a "purse string" to draw the wound closed (Martin and Lewis, 1992) (Fig. 1) . In addition, actin-based protrusions assemble at the leading edge of the cells adjacent to the wound (Davidson et al., 2002; Wood et al., 2002) . Cells use both filopodial (finger-like) and lamellipodial (sheet-like) protrusions during wound repair. Actin-based protrusions can establish contact with the substrate and with other cells, thus facilitating cell crawling towards the interior of the wound, particularly in cultures of epithelial cells (Bement et al., 1993; Fenteany et al., 2000; Farooqui and Fenteany, 2005) . In embryos, protrusions often contact other protrusions and contribute to wound closure through zipping (Davidson et al., 2002; Wood et al., 2002) . Additionally, in some systems, the cells underlying the wound (Davidson et al., 2002) or the wounded cells themselves (Fernandez-Gonzalez and Zallen, 2013) participate in wound closure by assembling contractile actomyosin networks and constricting their exposed surfaces, thus reducing the area of the wound. The formation of an actomyosin cable at the leading edge of a cell sheet and protrusion-mediated zipping also occur in developmental processes such as dorsal closure in Drosophila (Jacinto et al., 2000; Kiehart et al., 2000; Millard and Martin, 2008) or ventral enclosure in C. elegans (Williams-Masson et al., 1997; Raich et al., 1999) , in which coordinated cell movements participate in the sealing of an epithelial discontinuity. Apical constriction and loss of cell volume by a group of extraembryonic cells covering the epithelial discontinuity also contributes to dorsal closure (Toyama et al., 2008; Solon et al., 2009; Blanchard et al., 2010; David et al., 2010; Saias et al., 2015) . Furthermore, actomyosin purse string and protrusion formation are associated with wound repair in epithelial monolayers in culture (Bement et al., 1993; Tamada et al., 2007) . Thus, understanding the contributions of cytoskeletal remodelling to embryonic wound repair will shed light into the role of mechanical forces and actomyosin regulation in development, and more generally, in the assembly and maintenance of epithelial cell sheets.
3. An actomyosin cable generates contractile forces during embryonic wound closure
The mechanisms by which the actomyosin cable around the wound contributes to repair constitute an active area of research. In some systems, including the chick embryonic epidermis or epithelial monolayers in tissue culture, the circularity of wounds increases as they close, suggesting that the actomyosin cable generates contractile forces that promote wound repair (Martin and Lewis, 1992; Bement et al., 1993) . The contractility of the actomyosin cable around wounds has been demonstrated in the Drosophila embryonic epidermis, in which severing the actomyosin purse string using an ultraviolet laser results in the recoil of the severed ends of the cable, indicating the presence of tension (Fernandez-Gonzalez and Zallen, 2013) . In contrast, in the Xenopus ectoderm, wounds with polygonal shapes remain polygonal as they close, and severing the actin cable with a needle does not result in any obvious recoil (Davidson et al., 2002) . In this system, wound closure is driven by constriction of the exposed surface of the mesenchymal cells that underlie the damaged ectoderm. Mesenchymal cell constriction reduces the area of the wound and draws the free edges of the ectoderm closer together (Davidson et al., 2002) . Thus, in Xenopus embryos, the purse string may not be contracting, but rather transmitting forces, either from the migration of ectoderm cells to deeper cell layers, or from the contraction of the substrate to the ectoderm. Recent evidence suggests that the purse string may both contract and transmit forces to the substrate (Brugués et al., 2014) . In wounded epithelial monolayers in vitro, the purse string recoils when severed with a laser, indicating that it is contractile. In addition, focal adhesion components, such as paxillin, accumulate at the wound edge, immediately under the purse string. Severing the purse string with a laser or disrupting purse string formation by removing calcium both lead to a loss of substrate stress at the wound edge, as shown by traction force microscopy (Brugués et al., 2014) . Together, these data suggest that the actomyosin cable around epithelial wounds generates and sustains tension, and that the forces generated by the cable are transmitted to the substrate by focal adhesions. Forces transmitted from the actomyosin cable deform and create a net displacement of the substrate that helps to drag the cell sheet towards the interior of the wound. Importantly, the deformability of the substrate must be limited, as excessively compliant substrates limit the velocity and coordination of cell migration (Ng et al., 2012) .
Actin cable heterogeneity facilitates wound closure
A notable feature of the forces generated by the actomyosin purse string is their heterogeneity. In Drosophila embryos, the distribution of actin around the wound is non-uniform, with segments of high and low actin density (Zulueta-Coarasa et al., 2014) (Fig. 2A) . Similar distributions have been observed for myosin, for instance, during wound healing in cultures of human intestinal cells (Bement et al., 1993) , suggesting that the forces generated by the purse string are not uniform around the wound perimeter. The non-receptor tyrosine kinase Abelson, which can regulate both cell-cell adhesion (Grevengoed et al., 2001; Tamada et al., 2012) and actin polymerization (Grevengoed et al., 2001; Grevengoed et al., 2003; Fox and Peifer, 2007) , is necessary in Drosophila to maintain the heterogeneity of the actin cable around embryonic wounds (Zulueta-Coarasa et al., 2014) , and loss of Abelson results in slower wound closure. In vitro, the forces that epithelial cells generate on their substrate during wound repair involve both compressive and tensile stresses (Brugués et al., 2014) , suggesting that the forces generated by the purse string are also heterogeneous. A computational model of epithelial wound repair revealed that heterogeneity in the traction forces exerted on the substrate is critical for rapid wound closure (Brugués et al., 2014) . However, the role of actomyosin heterogeneity during tissue repair, as well as the mechanisms that set up and regulate heterogeneity are unclear.
Heterogeneous actomyosin networks are common in embryonic development. Non-uniform actomyosin distributions have been observed during cytokinesis in C. elegans embryos (Maddox et al., 2007) , mesoderm invagination in Drosophila (Martin et al., 2009; Pouille et al., 2009) , or neural tube closure in ascidians (Hashimoto et al., 2015) . In C. elegans, heterogeneity confers robustness against myosin depletion: a tenfold reduction in myosin levels slows down, but does not prevent, cytokinesis in wild-type animals, while a twofold reduction is sufficient to arrest cytokinesis in anillin and septin mutants, in which actin and myosin are uniformly distributed in the cytokinetic ring (Maddox et al., 2007) . In Drosophila, invagination of the mesoderm involves the coordinated apical constriction of a group of approximately 350 cells, driven by a supracellular, apical actomyosin network (Martin et al., 2010) . Mesoderm internalization is initiated by stochastic single-cell contractions throughout the mesoderm primordium (Kam et al., 1991) . Stochastic contractile activity provides a non-uniform mechanical stimulus for other cells to initiate their contraction (Pouille et al., 2009) . Thus, heterogeneous contractility may promote supracellular actomyosin network assembly and contraction. Finally, recent computational work suggests that heterogeneity may facilitate the contraction of supracellular actomyosin networks by minimizing the overall resistance that the network needs to overcome (Hashimoto et al., 2015) . In uniform networks, the contraction of individual segments is opposed by the adjacent ones, with little-to-no net contractile force applied to the vertices where three or more segments come together (Fig. 2B ). In contrast, in heterogeneous networks, individual segments sustain different contractile forces based on their relative actomyosin activity, and highly contractile segments find little resistance from their surroundings, thus facilitating changes in network architecture and/or topology ( Fig. 2C) . Contraction of myosin-rich segments of the network results in the deformation of adjacent ones, which could promote myosin localization (Effler et al., 2006; Fernandez-Gonzalez et al., 2009 ). Increased tension in the segments that contract can stabilize myosin (Kovacs et al., 2007) , creating a ratchet that prevents re-extension of contracted segments. Formation of multicellular vertices could also lead to cell rearrangements such as those observed during germband extension (Collinet et al., 2015; Lye et al., 2015; Yu and Fernandez-Gonzalez, 2016) , contributing to further network remodelling. Experiments in which actomyosin activity is locally manipulated, e.g. by changing membrane lipid composition using optogenetics to promote/prevent actin polymerization (Guglielmi et al., 2015) , will be critical to understand the role that heterogeneity plays in the contraction of supracellular contractile networks.
Calcium directs actomyosin assembly at the wound margin
Calcium signals play a fundamental role in actomyosin remodelling during wound repair. Calcium is released upon wounding, presumably both from extracellular and intracellular stores (Stanisstreet, 1982; Clark et al., 2009; Xu and Chisholm, 2011; Yoo et al., 2012; Antunes et al., 2013; Razzell et al., 2013; Hunter et al., 2015) . In Xenopus embryos, laser-wounding increases the levels of calcium inside the wound, and also in the surrounding cells (Clark et al., 2009) . The increase in intracellular calcium is required to recruit the small GTPases Rho and Cdc42 to the wound margin, where Rho is necessary for purse string formation and Cdc42 drives protrusion assembly. Similarly, in the adult C. elegans epidermis, in which an actin cable mediates wound healing, incubation with calcium chelators severely impairs the formation of the actin cable and wounds fail to close (Xu and Chisholm, 2011) . In the Drosophila dorsal thorax (the notum), wounding results in an increase in intracellular calcium that propagates several cell diameters away from the centre of the wound (Antunes et al., 2013) . The resulting calcium wave stops at a certain distance from the wound through still undetermined mechanisms. The calcium wave "bounces" back towards the wound edge, and is preceded by supracellular flows of actin and myosin that cause apical constriction of the cells. Actomyosin flows require the formin Diaphanous and the myosin regulator Rho-kinase. Blocking transient receptor potential channel M, a mechanosensitive calcium channel involved in epidermal wound repair in C. elegans (Xu and Chisholm, 2011) , disrupts actomyosin flow and the calcium wave in the Drosophila notum, suggesting that deformation from apical constriction may provide a mechanical signal that drives calcium propagation. Apical constriction is resolved as the calcium wave traverses the cells, possibly through the activation of Gelsolin, a calcium-dependent, actin filament-severing protein. The wave of apical constrictions culminates with the integration of the actomyosin flows into the wound edge, resulting in purse string formation. Actomyosin waves have not been described during wound repair in embryos, suggesting that other mechanisms may drive actomyosin recruitment to the wound edge. In Drosophila embryos, calcium spreads into the cells adjacent to the wound (Razzell et al., 2013) , where it is necessary to polarize the endocytic machinery to the wound edge and promote internalization of the core junctional molecule E-cadherin from the wound margin (Hunter et al., 2015) . In the future, it will be important to determine whether anisotropic calcium signals from the wound may be related to the heterogeneous accumulation of actin and myosin at the wound edge.
6. Actin-based protrusions promote cell migration and cell sheet fusion during repair Actin-based protrusions also contribute to wound repair. The cells immediately adjacent to the wound extend dynamic filopodia and lamellipodia that they use to sense their environment and migrate into the wounded region (Fig. 3A-B) . Actin-based protrusions have been found during wound repair in the Drosophila embryonic epidermis (Wood et al., 2002) or the Xenopus ectoderm (Davidson et al., 2002) , and more generally, in wounds to epithelial monolayers in culture (Bement et al., 1993; Tamada et al., 2007) .
Actin protrusions contribute to cell migration (Ridley, 2011) (Fig.  3C ). Time-lapse fluorescence microscopy and transmission electron microscopy in Drosophila embryos suggest that protrusions probe the cellular microenvironment during wound repair. Protrusions can establish contacts with the wound debris and the substrate underneath the wound (Wood et al., 2002) , and possibly also with the vitelline membrane, a protective sac that encloses the embryo (Abreu-Blanco et al., 2012) . Traction force microscopy in wounded epithelial monolayers reveals that protrusions colocalize with sites where cells generate mechanical forces on the substrate (Brugués et al., 2014) , suggesting that wound-induced cell protrusions are adhesive. Furthermore, the formation of actin-based protrusions during wound repair requires, at least in vitro, an adherent substrate (Vedula et al., 2015) , suggesting that cells use protrusions to adhere to and exert forces on their environment during wound repair. Thus, protrusion-mediated adhesion may facilitate the migration of cells into the wounded region and tissue reepithelization. The importance of actin-based protrusions for cell migration during embryonic wound repair is not well understood. Loss of protrusions in patches of cells expressing a dominant-negative form of Cdc42 (Wood et al., 2002) or in mutants for the Arp2/3 activator SCAR (Matsubayashi et al., 2015) only has minimal effects on the speed of wound closure. These data suggest that the contribution of actin protrusions to cell migration during wound repair in vivo is not significant. Of note, studies using cdc42 mutants indicate that protrusive activity may contribute to the speed of contraction more significantly than previously thought (Abreu-Blanco et al., 2012) . The discrepancy may be explained by the use of different methods to suppress cdc42 activity (dominant negative (Wood et al., 2002) vs. heteroallelic mutants cdc42 4 /cdc42 6 (Abreu-Blanco et al., 2012)), or by the extent of the loss of function manipulation (stripes of cells (Wood et al., 2002) vs. entire animals (Abreu-Blanco et al., 2012)). The later possibility is intriguing, as it suggests that cells distant from the wound may contribute to wound repair through protrusive activity. In the Drosophila epidermis, cellular rearrangements several cell diameters away from the wound edge facilitate wound closure by increasing the plasticity of the tissue and enabling the movement of the wound front (Razzell et al., 2014) . Protrusive activity has been associated to neighbour exchange in Xenopus mesodermal cells (Shih and Keller, 1992) or during eyelid closure in mouse embryos (Heller et al., 2014) . Furthermore, in wounded epithelial monolayers in vitro, cells distant from the wound edge extend cryptic lamellipodial protrusions that they may use to crawl on the substrate towards the wounded region (Farooqui and Fenteany, 2005) . In this context, blocking the formation of lamellipodia in cells at the wound edge is not sufficient to prevent wound repair, but blocking the formation of lamellipodia in three cell rows around the wound results in a dramatic inhibition of wound closure (Fenteany et al., 2000) . Together, these data suggest that cells distant from the wound may use actin-based protrusions to intercalate in between their neighbours or move towards the wound edge, thus alleviating some of the mechanical strain caused by contraction of the actomyosin purse string. In addition to their contribution to cell migration, protrusions from opposite sides of the wound can interdigitate, zipping the wound closed (Davidson et al., 2002; Wood et al., 2002) (Fig. 3D) . Protrusion-mediated zipping also occurs in normal developmental processes, such as dorsal closure in Drosophila (Jacinto et al., 2000; Millard and Martin, 2008) or ventral enclosure in C. elegans (Williams-Masson et al., 1997; Raich et al., 1999) . In Drosophila embryos, the epidermis is molecularly patterned in segments. During dorsal closure, protrusions belonging to cells from matching segments, but on opposite sides of the advancing epidermis, can recognize each other and form tethers that help to align the segments (Millard and Martin, 2008) . At the final stages of ventral enclosure in C. elegans, the adhesion molecule α-catenin is rapidly recruited to sites where filopodia from contralateral cells contact each other, helping to create nascent junctions and sealing the epidermal discontinuity (Raich et al., 1999) . The mechanisms responsible for new junction formation during zipping in wound repair are unknown, but it is possible that cell-cell adhesion molecules are transported along filopodia and facilitate the establishment of adhesion points with other filopodia. Adhesion points may develop into mature junctions under the action, for instance, of mechanical forces (Ladoux et al., 2010; Yonemura et al., 2010; Borghi et al., 2012; Weber et al., 2012) . The mechanisms of junctional protein transport along filopodia are also unclear, but in human endothelial cells, VE-cadherin is transported by myosin X motors along actin cables inside filopodia (Almagro et al., 2010) . Thus, it will be important to determine the role of actin-based molecular motors involved in cargo delivery during wound repair to understand how cell protrusions contribute to new junction formation and wound zipping.
The protrusions that form during wound repair also contain microtubules (Abreu-Blanco et al., 2012) . In Drosophila embryos mutant for the microtubule capping protein EB1, which regulates microtubule dynamics (Elliott et al., 2005) , the start of wound closure is delayed with respect to the wild type, but the wound closure rate is normal (AbreuBlanco et al., 2012) . Because the wound closure rate is dramatically reduced in embryos mutant for cdc42, which display a strong reduction in protrusion formation (Abreu-Blanco et al., 2012), disrupting microtubule dynamics may not affect protrusive activity during wound repair. During plasma membrane repair in Xenopus oocytes, microtubules are necessary to restrict the area of actomyosin assembly into a well-defined ring (Mandato and Bement, 2003) that then contributes to wound closure (Bement et al., 1999; Mandato and Bement, 2001 ). Thus, it is possible that, in multicellular wounds, microtubules also restrict the region where the purse string forms, although defects in purse string architecture have not been reported upon microtubule disruption. Alternatively, microtubules can control the distribution of Ecadherin at cell-cell junctions once E-cadherin reaches the plasma membrane (Stehbens et al., 2006) . Because E-cadherin redistribution is critical for actomyosin assembly during wound repair (Hunter et al., 2015; Matsubayashi et al., 2015) , defective microtubule dynamics may delay E-cadherin redistribution and purse string assembly. The presence of microtubules in filopodia during wound repair may also be important for the redistribution of E-cadherin at the tip of filopodia and the subsequent maturation of adhesion points established with contralateral filopodia. The use of super-resolved microscopy to investigate the dynamics of microtubules, actin, myosin and adherens junction components will increase our understanding of how microtubules contribute to embryonic wound repair.
Balancing cytoskeletal structures during wound healing
The presence of an actomyosin cable and actin-based protrusions in the cells around the wound suggest that actin dynamics must be balanced between the two structures. In support of this model, when formation of the actin cable is disrupted in mutants for the small GTPase Rho, a greater number of protrusions are observed at the wound margin (Wood et al., 2002; Abreu-Blanco et al., 2012) . Similarly, in epithelial monolayers in culture, disruption of the actomyosin cable by incubation with blebbistatin -which inhibits myosin II activity -or with the calcium chelator EGTA, or repeated laser ablation of the cable, results in increased protrusive activity (Brugués et al., 2014; Ravasio et al., 2015) . Furthermore, in epithelial cells migrating to repair wounds in culture, actomyosin cables around the wound prevent the formation of protrusions, and disrupting the actomyosin cable by laser ablation promotes protrusion formation (Reffay et al., 2014) . In the absence of the cable, a larger pool of monomeric actin may be available to be polymerized into protrusions. Alternatively, mechanical tension generated by the actomyosin cable could inhibit protrusive activity (Kolega, 1986; Katsumi et al., 2002) . Tension can promote and orient actin polymerization (Kolega, 1986; Courtemanche et al., 2013; Higashida et al., 2013; Jegou et al., 2013) , and thus, purse string-generated tension could bias actin polymerization dynamics. Mechanical tension can inhibit the activity of the small GTPase Rac (Katsumi et al., 2002) , important for protrusion formation (Ridley et al., 1992) . Increased tension on the membrane can also impede membrane deformation and protrusion formation (Houk et al., 2012) . Therefore, it may be difficult for cells to extend protrusions perpendicular to the axis of purse-string generated stress (Kolega, 1986; Katsumi et al., 2002) . The recent development of methods to manipulate mechanical forces in vivo (Box 1) will enable studies investigating how tension regulates actin dynamics during collective cell migration in embryonic development and wound repair.
What determines the assembly of protrusions or cables? In nature, wounds have arbitrary shapes, and the perimeter of the wound has segments of positive curvature (convex as observed from the centre of the wound) and negative curvature (concave from the centre of the wound)
Box 1
Measuring mechanical properties during wound repair. A number of biophysical methods exist to investigate the role of physical forces in living cells and tissues (Campàs, 2016; Sugimura et al., 2016) . Additionally, theoretical approaches can be used to estimate mechanical stresses within a tissue from cell shapes (Brodland et al., 2007; Brodland et al., 2010; Chiou et al., 2012; Ishihara and Sugimura, 2012; Guirao et al., 2015) . Here we summarize the basic principle, advantages and disadvantages of some experimental approaches. Traction force microscopy (TFM). TFM is used to measure the forces exerted by cells on their substrate with subcellular resolution (Harris et al., 1980; Style et al., 2014) . To this end, fluorescent beads are embedded into the substrate, and the displacement of the beads as cells evolve on the substrate is used to calculate the forces exerted by the cells based on the known substrate stiffness. TFM can provide absolute force measurements, and is relatively simple to implement. Furthermore, it can be extended to three dimensions (Maskarinec et al., 2009; Legant et al., 2010) . However, TFM has not been used in vivo, as embedding beads in the substrate is difficult, and the mechanical properties of the substrate are often unknown. Oil microdroplets. The use of cell-sized, fluorescent oil droplets has been recently introduced for the in vivo quantification of cell mechanics (Campàs et al., 2014) . When oil droplets of known mechanical properties and coated with cell adhesion molecules are injected in intercellular spaces in a living animal, the adjacent cells adhere to the droplet and deform it. Measurement of cell deformation allows quantification of the stresses exerted by the adjacent cells on the droplets, in three dimensions, and with high spatial and temporal resolution. The main limitation of this approach is the complexity of the synthesis and injection of the droplets. Laser ablation. Using laser ablation it is possible to estimate the tension and viscoelasticity of subcellular structures (Hutson et al., 2003; Kumar et al., 2006; Zulueta-Coarasa and Fernandez-Gonzalez, 2015) . The structure in question (e.g. a cell-cell junction, a stress fiber, etc.) is severed using a high-power laser, typically ultraviolet or infrared to minimize interference with imaging lasers. The velocity of retraction of the severed ends immediately after ablation is measured. The velocity of retraction is proportional to the tension that the structure sustained. Experiments using laser ablation are simple, as no specific sample preparation is necessary, and therefore, laser ablation has been extensively used in vivo. However, in the absence of viscosity and elasticity measurements, laser ablation can only provide relative levels of tension, and the sample is damaged during the experiment. Furthermore, comparing tension levels across experiments requires measurements that confirm that the different treatments (genetic backgrounds, drugs, etc.) do not affect the local viscoelastic properties, a control that is rarely done. Particle-tracking microrheology. Passive microrheology techniques allow quantification of the viscoelastic properties of cells by measuring the movement (mean squared displacement) of fluorescent beads embedded in the cell, and comparing this movement to the expected motion of similarly-sized beads in viscous or elastic microenvironments (Wirtz, 2009) . Targeting the beads, it is possible to specifically measure the viscoelastic properties of different subcellular compartments. For instance, beads can be targeted to the membrane by coating them with wheat germ agglutinin, a lectin that has high affinity for membrane carbohydrates. Particle-tracking microrheology does not require direct, physical contact with the sample, and can provide high-resolution maps of cellular viscosity and elasticity. The main limitations of this method are the incorporation of beads into the cells, and the potential steric effects (in addition to viscoelastic ones) on bead motion, a concern that is alleviated by the use of two-point tracking microrheology (Crocker et al., 2000) . Tweezers. Optical and magnetic tweezers can both be used to apply forces within cells or to groups of cells. Based on knowledge of the applied force and the resulting deformation, it is possible to calculate the viscoelastic properties of a subcellular structure, a cell, or a cluster of cells, thus establishing the forces that act on them (Neuman and Block, 2004; Tanase et al., 2007; Bambardekar et al., 2015) . One difference between optical and magnetic tweezers is the mechanism of force generation. In optical tweezers, which produce piconewton-scale forces, a high intensity laser is tightly focused to trap microscopic objects based on the transfer of momentum from the incident photons refracted by the object to the object itself. Trapped objects can be subcellular organelles that scatter light or beads targeted to specific subcellular compartments. In magnetic tweezers, which can generate up to nanonewton-scale forces, an electromagnet is positioned externally to generate a magnetic field that pulls on magnetic beads embedded in the sample. Tweezers provide accurate measurements of local viscoelastic properties. However, both optical and magnetic tweezers have complex implementations (Neuman and Block, 2004; Tanase et al., 2007) . Furthermore, optical tweezers can cause photodamage, and magnetic tweezers require introducing and targeting magnetic beads to specific (sub)cellular compartments. (Fig. 4A) . Studies in mammalian epithelial monolayers in culture and in Drosophila pupae show that stable protrusions preferentially assemble in convex segments of the wound margin, while strong actomyosin arcs and transient protrusions form in concave segments (Ravasio et al., 2015) . Disrupting the formation of lamellipodia by inhibiting Arp2/ 3 results in wounds that close at a normal rate in concave regions, suggesting that the cable plays a dominant role when curvature is negative. In contrast, in convex regions, preventing protrusion formation triggers wound expansion. This can be explained by the force balance at specific points of the wound edge (Fig. 4B-D) . The force pulling on the wound margin is the sum of the forces generated by the actin-based structures present at the wound edge, cell protrusions and the actomyosin cable:
where n is a unit vector normal to the wound margin at a given point and directed towards the wound, F P is the force per unit length exerted by cell protrusions at that point, γ C is the tension exerted by the actomyosin cable, ||γ C || is the magnitude of the tension vector, R is the local curvature radius, and || γ C ||/R represents the contribution to F actin of the tension generated by the cable. R is positive for convex segments of the wound edge, and negative for concave ones. In regions of negative curvature (concave, R b 0), the purse-string pulls towards the wound (Fig. 4B) , while in positively curved regions (convex, R N 0) the cable pulls away from the wound, compromising wound closure (Fig. 4C) . Stable protrusions in convex wound segments may compensate for the expansive force resulting from purse string contraction, and facilitate cell crawling towards the interior of the wound (Fig. 4D ). This prediction is validated by a computational model showing that increasingly positive curvature at the wound edge (i.e. increasing convexity), makes the purse string more detrimental to wound repair, as it causes wound expansion, and can only lead to wound closure by adding a new force normal to the wound edge and pointing towards the interior of the wound (Ravasio et al., 2015) . This force could result from stable protrusive activity in convex wound segments. These data suggest that cells use the closure mechanism that is more effective depending on the curvature of the wound edge. The mechanisms by which curvature is sensed and transformed into different modes of actin regulation, leading to the assembly of different actin networks (e.g. purse string vs. filopodia vs. lamellipodia), remain unclear. Alternatively, areas of the wound margin where protrusions form may advance faster than areas where the actomyosin cable is the only mechanism of force generation, creating a convex geometry. Precise measurement of the dynamics of protrusion formation with respect to interface curvature will contribute to elucidate whether curvature determines or is a consequence of different mechanisms of actin-based force generation.
Transmission and integration of mechanical forces during wound repair: junctional dynamics
A notable feature of embryonic wound repair is that wounds round up and display smooth boundaries during the closure process (Martin and Lewis, 1992; Kiehart et al., 2000; Wood et al., 2002) , suggesting that forces are transmitted around the wound to coordinate cellular movements. Adherens junctions couple the cellular cytoskeletons and transmit forces across cells (Martin et al., 2010; Maitre et al., 2012) . Furthermore, the cadherin-catenin complex, which supports cell-cell adhesion in epithelial tissues, can sense and respond to mechanical stimuli (Ladoux et al., 2010; Yonemura et al., 2010; Borghi et al., 2012; Weber et al., 2012) . When the core junctional protein E-cadherin is under mechanical tension, the junction is strengthened by the formation of Ecadherin clusters (Hong et al., 2013) . E-cadherin clusters are internalized via endocytosis in a size-dependent manner (Truong Quang et al., 2013) , and therefore, tension-mediated E-cadherin clustering can regulate the adhesiveness between neighbouring cells. Also, tension on the junctional component α-catenin can reveal additional binding sites on the protein and recruit other molecules that link the junction to the cytoskeleton, such as vinculin (Yonemura et al., 2010; Yao et al., 2014) . Therefore, junctional dynamics may be critical to sense and transmit physical stimuli, thus coordinating the movement of the cells adjacent to the wound as they migrate into the lesion.
Adherens junctions experience intensive remodelling during embryonic wound repair. E-cadherin, β-catenin and α-catenin are depleted from the interfaces between the wound and the adjacent cells (Wood et al., 2002; Abreu-Blanco et al., 2012; Zulueta-Coarasa et al., 2014) (Fig. 5) . The depletion of junctional molecules from the wound margin is necessary for actomyosin cable formation (Hunter et al., 2015; Matsubayashi et al., 2015) . Calcium release upon wounding triggers polarization of the endocytic machinery in the cells adjacent to the wound (Hunter et al., 2015) . Blocking E-cadherin endocytosis by disrupting the endocytic machinery, overexpressing the junctional component p120-catenin (which results in higher E-cadherin levels at the membrane), or overexpressing E-cadherin, all result in impaired actomyosin accumulation at the wound edge and delayed wound closure (Hunter et al., 2015; Matsubayashi et al., 2015) . In parallel with the disassembly of the junctional structures between wounded cells and cells adjacent to the wound, junctional molecules accumulate at tricellular vertices at the wound margin (Brock et al., 1996; Danjo and Gipson, 1998; Wood et al., 2002; Abreu-Blanco et al., 2012; Zulueta-Coarasa et al., 2014) (Fig. 5) . The role of the discrete clusters of adhesion molecules that form around the wound perimeter and the mechanisms by which they form are unclear.
Discrete junctional clusters around the wound may anchor the purse string. When E-cadherin function is blocked using an antibody (Danjo and Gipson, 1998) , or in E-cadherin mutant embryos (Abreu-Blanco et al., 2012) , the actomyosin cable fails to form around the wound, cell migration is not coordinated, and the wound edge is not smooth. Thus, discrete adherens junctions may be necessary to anchor the cable around the wound and transmit forces across cells. However, the distance between individual tricellular vertices around the wound is in the order of a few micrometers, significantly longer than the typical length of a formin-polymerized actin filament of approximately 1 μm (Fritzsche et al., 2016) . This raises the question of how the actomyosin cable is anchored between tricellular junctions. Formins in HeLa cells can polymerize actin for up to 4 μm (Fritzsche et al., 2016) , and thus, if actin depolymerization is severely reduced at the wound edge, long actin filaments could connect tricellular vertices around the wound. Actin cross-linking by myosin motors or other actin regulators may support long actin networks by connecting short filaments. Super-resolution microscopy or ultrastructural analysis may reveal the presence of smaller cadherin-catenin clusters in between tricellular vertices. And finally, other types of junctions, such as tight or gap junctions, or even focal adhesions, may serve the role of anchoring the cytoskeleton and enable the generation of contractile forces around the wound.
Discrete junctional structures at the wound margin may regulate and respond to cytoskeleton-generated forces. Recent data show that actin polymerization proceeds from tricellular vertices during wound repair in Drosophila embryos (Matsubayashi et al., 2015) . According to this model, in the absence of E-cadherin function, the actomyosin cable would not form around the wound because the structures where actin polymerization is initiated do not exist. Furthermore, in epithelial monolayers in culture, E-cadherin recruits the actin regulator Coronin 1B to the periphery of apoptotic cells, where Coronin aligns actin filaments and promotes the formation and contraction of the purse string that drives apoptotic cell extrusion (Michael et al., 2016) . In addition, the accumulation of β-catenin at tricellular vertices around the wound does not precede cable contraction, but occurs in parallel with it and continues during the closure process (Zulueta-Coarasa et al., 2014) , suggesting that clusters of junctional molecules around the wound are dynamically regulated by the tension exerted by the purse string. Tension may promote further recruitment of junctional components to reinforce cell-cell adhesion and prevent the cells adjacent to the wound from tearing apart as the purse string contracts, similar to the phenotype observed when adherens junctions are weakened during the coordinated constriction of mesoderm precursor cells in Drosophila (Martin et al., 2010) . At least one mechanosensitive adherens junction component, vinculin, can bind directly to F-actin at junctions and can also mediate the recruitment of actin nucleators (Leerberg et al., 2014) , which may reinforce the actin cable. Notably, the recruitment of Coronin to the perimeter of apoptotic cells by Ecadherin requires actomyosin-based contractility (Michael et al., 2016) . Experiments testing a mechanosensitive response of different junctional components will contribute to unveil the precise role and assembly dynamics of discrete adhesive structures during wound repair.
Conclusion
Mechanical forces are critical during embryonic wound repair. The release of tension after wounding promotes physical deformation of the cells adjacent to the wound, which may facilitate calcium entry via mechanically-gated channels, polarization of the endocytic machinery, disassembly of cell-cell junctions and actomyosin recruitment to the wound edge. The contractile forces generated by the actomyosin cable and the pulling forces by cell protrusions contribute to coordinated cell migration towards the interior of the wound. Finally, protrusions from contralateral sides of the wound make contact and further pull the cells together to seal the epithelial discontinuity. Understanding the different aspects of wound repair requires an understanding of the mechanical signals involved in the process, how these signals are modulated by the mechanical properties of the cells, and how they are converted into biochemical cues that determine cell behaviour. The development and application of methods to measure and locally manipulate physical forces in vivo (Box 1) is already enabling the investigation of these questions in living organisms.
